Abstract From 2003 through 2005, tidal marsh plant species diversity and abundance on historically surveyed vegetation transects along the salinity gradient of the San Francisco Estuary were investigated to establish empirical relationships between plant distributions and environmental conditions, and furthermore to examine and predict past and future plant distribution changes. This study suggests that for most species, salinity is the primary control on plant distribution. Thus, ongoing changes in estuarine conditions (increasing sea level and salinity) are resulting in a complex mix of plant distribution changes. On the low marsh, where sediment salinity is similar to that of ambient water, halophytic species are replacing salt-intolerant taxa. However, on marsh plains, where increased tidal flooding is moderating high salinity (concentrated by evaporation), halophytic ''high marsh'' species are being replaced by salt-intolerant ''low marsh'' taxa. Thus, future changes in plant distributions will hinge on whether marsh sediment accumulation keeps pace with sea level rise.
Introduction
Estuarine wetlands are dynamic coastal landforms that provide valuable ecological habitat and services; their productivity is among the highest of any terrestrial or marine system. They act as nurseries for juvenile fish and invertebrates, provide habitat for migrating and resident birds, buffer the coastal zone from erosion and coastal flooding, and act as nutrient transformers in global biogeochemical cycles (Odum 1980; USFWS 1987; Adam 1990; Mitsch and Gosselink 2000) . Coastal wetlands are vulnerable to degradation due to the combined effects of accelerated sea level rise and pre-existing stressors created by anthropogenic actions; consequently, the ongoing deterioration of tidal marsh habitat throughout the United States has been well documented (Baumann et al. 1984; Hartig et al. 2002; Van Dyke and Wasson 2005) .
Because tidal wetlands are both ecologically valuable and exceptionally vulnerable to the effects of climate change, studies have been undertaken to determine the vulnerability of specific tidal wetlands to habitat deterioration. Multi-year studies in a wide variety of ecological settings have reported that many wetlands are not maintaining a positive accretionary balance relative to tidal datums (Day et al. 1999; Culberson et al. 2004; van der Wal and Pye 2004) ; in some locations, dramatic changes in vegetation over the past decades have been reported and linked to accelerated sea level rise and differential rates of marsh accretion (Orson and Howes 1992; Warren and Niering 1993; Donnelly et al. 1999; Donnelly and Bertness 2001) .
The purpose of this study was to predict how tidal marsh vegetation across the full salinity gradient of the San Francisco Estuary will respond to future changes in environmental conditions caused by anthropogenically driven climate change. In the San Francisco Estuary, anthropogenically driven warming is resulting in both an increase in the rate of relative sea level rise (NOAA 2007) , and an increase in summer estuarine salinity. Summer salinity is increasing because higher spring temperatures are causing runoff peaks to occur earlier in the year (Knowles and Cayan 2002) . The Bay-Delta estuary is transitioning from an estuary in which summer and fall melt waters moderate estuarine salinity to an estuary where intense flow peaks and salinity minimums coincide with rainfall events. With respect to estuarine salinity, this situation is exacerbated by diversion of large volumes of water (*6 km 3 annually) for municipal and agricultural purposes (Knowles 2002) .
Although tidal wetlands in the San Francisco Estuary are thought to be resilient to sea level rise over the next century as long as sediment supply remains adequate (Orr et al. 2003) , it is likely that noticeable changes in vegetation composition and abundance will occur ). The ultimate goal of this study was to determine whether future changes in environmental conditions in the San Francisco Estuary will most likely lead to subtle or substantial changes in marsh species composition.
To predict future vegetation changes, we first established relationships between modern tidal marsh vegetation and current environmental conditions along the historically surveyed vegetation transects. We then examined vegetation changes that occurred between 1975 and 2003/2004 in light of changes in environmental conditions that occurred over the same period. Finally, we developed potential scenarios for future environmental changes, and used these scenarios to forecast future wetland vegetation changes.
The specific objectives of this study were to: (1) establish empirical relationships between tidal marsh vegetation and environmental conditions, (2) to examine past and predict future changes in vegetation based on ongoing changes in estuarine conditions.
Methods

Study area
The San Francisco Estuary is the largest estuary on the west coast of the United States (Conomos et al. 1985) . It receives drainage from a watershed that encompasses more than 40% of California (SFEP 2008) , and supports the largest area of tidal wetlands in California (Conomos 1979; Grewell et al. 2007) . Near the Golden Gate, surface water in the bay is similar in salinity to ocean water; however, salinity falls with distance from the Golden Gate and drops to \2% in the Sacramento-San Joaquin Delta (Uncles and Peterson 1995) . Because California experiences a Mediterranean climate with cool, wet winters and dry, hot, windy summers (Pyke 1972) , estuarine salinity is usually at its maximum during August or September, and at its minimum during the peak of snowmelt runoff, which varies yearly with snowpack and spring temperature (Conomos 1979; Peterson et al. 1995) .
Survey stations were established along six tidal marsh transects located across the full salinity gradient of the San Francisco Estuary ( Fig. 1 ; see supplementary material). These transects were originally established and surveyed by USGS scientists in the 1970s (Atwater and Hedel 1976) due to concerns about the effects of future water diversions on tidal marsh ecology. These transects were established specifically to inventory baseline conditions so that future change could be detected. More specifically, these sites were chosen because these locations (1) contained areas of ''natural'' (i.e., Late Holocene) tidal marsh, (2) spanned the full salinity gradient of the estuary, (3) had experienced minimal hydrologic modifications, and no known subsidence due to groundwater or natural gas pumping, and (4) contained extensive mudflat-to-upland transitions to ensure the representation of all the habitat types. Atwater and Hedel (1976) described the vegetation of these marshes approximately three decades ago. Typically, the low marsh was dominated by Spartina foliosa where ambient water salinity was greater than 15%, and by Scirpus californicus, Phragmites australis, or Typha sp. where ambient salinity was lower than 15%. In the salt marshes-estuarine wetlands west of Carquinez Strait-the marsh plain largely supported pickleweed, Salicornia virginica, except adjacent to mudflats, tidal channels or upland areas, where species less tolerant of saline conditions and/or anoxia could persist. Consequently, species diversity in salt marshes was found to be typically quite low (*10 species). In brackish marshes, species richness was higher, and a more evenly distributed mixture of species was found growing on the marsh plain, including Scirpus maritimus, Scirpus americanus, Jaumea carnosa, Juncus sp., Distichlis spicata, and other species typical of salt and freshwater marshes (e.g., Limonium californicum, Frankenia salina, Salicornia virginica, Typha sp., etc.). However, anecdotal reports have suggested that up-estuary expansions of halophytic species might have occurred in the time since this survey was conducted in the 1970s.
Objective 1: marsh vegetation and current environmental conditions
In order to adequately establish relationships between tidal marsh plant species and environmental conditions, the historically surveyed transects were re-located and re-surveyed for both tidal marsh plant presence and abundance and environmental conditions (elevation, sediment salinity, and distance to the nearest tidal channel.)
Along each transect, survey stations were established and positioned between 1 and 4 m apart. Each station was occupied formally once during summer 2003 or 2004; with an additional occupation during 2005 to informally assess vegetation fidelity. Plant cover was assessed, elevation measured, and distance to the nearest channel of greater than one meter was recorded. At two locations, the initial transects covered less than 100 m. At these sites (Bothin Marsh and Sandmound Slough), additional parallel transects were run to increase the number of survey stations. Plant cover was estimated visually in a circle of 1-m radius, with results summing to 100%. Plant species' nomenclature follows that of Hickman (1993) . Plant voucher specimens from each marsh were collected and deposited in the herbarium of the University of California (UC) Berkeley Museum of Paleontology Pollen Laboratory.
Elevations along vegetation transects were measured using a TopCon Total Station GS-4 and were calculated relative to National Geodetic Vertical Datum (NGVD) through referencing transects to Coast and Geodetic Survey benchmarks (see supplementary material). Accuracy was estimated for survey data by doing back shots to a stationary target at approximately every five stations. Data were discarded and generally re-shot for errors greater than 1 to 2 cm. The NGVD datum was chosen, as most benchmarks were originally surveyed relative to NGVD; referencing marsh transects to tidal datums was not generally possible, as very few tidal benchmarks located nearby marshes were surveyed relative to NAVD or NGVD. Mudflat topography surveys were done by canoe or kayak using a stadia rod at high tide. For each survey station, the near-surface marsh sediments were also sampled by taking 10-cm soil cores once during the summer months of July through September of 2003 and 2004 (avoiding spring tides), which were both normal rainfall years in Central California. Sediments were integrated over the top 5 cm, and analyzed for organic content and sediment salinity. Organic content was determined by ashing for 4 h at 550°C. Sediment salinity was assessed primarily using the dilution method (USSL 1954), although 80 samples were subjected to both the dilution and saturation extract methods (Bower and Wilcox 1965) . We found the saturation extract method to be poorly reproducible and to dampen the variability present in salinity measurements. Sediment salinity was calculated by re-hydrating dried, ground sediment samples in a 5:1 gravimetric mixture of distilled water to sediment, stirring, allowing equilibration over 48 h, and measuring the salinity of the mixture using a YSI 10/30 conductivity, temperature, and salinity meter. Pore water salinity was then calculated based on the original water content of the sediment sample. Some mid-and high-marsh sediments contained, gravimetrically, more salts than water; therefore, a few measurements are over 1000%, and many measurements showed a salinity greater than that of seawater.
Surveyed transects were anchored with GPS measurements (and in some cases landscape features) and plotted on USGS Digital Ortho Quarter Quadrangles (DOQQs) using ArcGIS version 9.1. Distance to the nearest channel was assessed for each survey station by measuring the distance from the survey station to the centerline of the nearest tidal channel (of greater than 2 m in width) on site imagery.
In order to determine whether plant distributions were related to environmental conditions, species ranges along environmental gradients were determined, and in addition, linear and logistic regressions were used in order to determine which environmental variables predicted species presence and abundance. Using salinity, distance to the nearest tidal channel, and elevation as predictors, logistic regression was used to determine the extent to which individual predictors explained presence and absence of marsh species. In order to determine the degree to which differences in percent cover of individual species were explained by environmental conditions, multivariate linear regression was used, with plant cover for individual plant species as the dependent variable, and elevation, summer sediment salinity, distance to the nearest tidal channel, and sediment organic content as the predictor variables.
In addition to species autecology, specific attention was paid to plant species diversity over the salinity gradient of the estuary. In order to determine whether there was a relationship between salinity and diversity, tabulates of plant species richness (median number of species per station and median number of species per 30 m) and evenness (Simpson's diversity index and number of species with greater than 2% total cover) at both the plot and landscape were produced and related to environmental conditions.
In order to approximate the annual salinity range of ambient water flooding each marsh, water salinity was measured during extreme high-water events during late summer (27 August 2004) and winter directly following an intense storm (11 January 2005). As ambient water salinity can vary by several practical salinity units (psu) over the course of a tidal cycle, the tide waves were followed by car. At each location, from five to ten surface-salinity measurements were made using a YSI 10/30 m.
Objective 2: past and future changes in vegetation
The consideration of past and future changes in environment conditions with respect to San Francisco Estuary tidal marshes was restricted to changes in estuarine salinity and water level changes (and related factors). Although other changes (such as form and concentration of dissolved nutrients, grazing stress, and adjacent land use change) are also occurring, such shifts vary from site to site, and are not regularly monitored. Furthermore, nutrient addition was found to produce no measurable effects in the competitive advantage for specific species or for species diversity in other Central Californian marshes (Traut 2003 (Traut , 2005 , and therefore, the results of such changes are probably subtle.
Changes in plant species abundance between 1975 and 2003/4 were reconstructed by finding the difference between the 1975 presence/absence data and the 2003/2004 presence/absence data for each species at each site. If the median of these values was found to be significantly different from 0 (using the sign test), a significant change was noted. Further detail of the resurvey is reported by Watson (2006) . For each site, plant distribution (for common marsh plants) was mapped along the environmental conditions of salinity and elevation. Shifts in plant abundance (1975 vs. 2003/2004) were examined in light of environmental gradients found at each marsh site and changes in environmental conditions (i.e., increasing salinity and increasing rates of sea level rise).
Because current tidal marshes support such a diverse array of environmental conditions, future predictions for each site were made based on current marsh analogs. In order to predict changes resulting from increasing estuarine salinity, it was assumed that overall marsh species composition would begin to resemble the more saline marsh stations. In order to predict changes resulting from increasing water levels, it was assumed that overall marsh species composition would begin to resemble lower elevation stations.
Results
Plant distributions
Environmental conditions appeared to determine both the presence and absence of specific tidal marsh plants at survey stations, and to explain differences in percent cover between stations. First, the presence and absence of common marsh species corresponded with environmental gradients along surveyed transects (Fig. 2) . Second, logistic regression showed significant relationships between environmental conditions and the presence and absence of common marsh species (Table 1) . Third, plant species distributions were found to correspond with specific environmental ranges (Fig. 3) . Finally, environmental conditions appeared to explain a significant component of variability in percent cover for most common tidal marsh species (Table 2) .
In the more saline marshes (Southampton Bay, Petaluma Marsh, China Camp, and Bothin Marsh), the dominant plant species, Salicornia virginica was pervasive; other species were generally only found adjacent to tidal channels or to the shoreline, where sediment salinity was lower (Fig. 2) . Environmental conditions were found to explain the presence and absence of common tidal marsh species using logistic (Table 1) . Based on probability values, the relationship between environmental conditions and species presence or absence appeared strongest with salinity, but the relationship was also strong for elevation (in the case of Distichlis spicata), and for distance to the nearest tidal channel (in the case of Spartina foliosa). In order to allow for a rough comparison of odds-ratios (the odds of a species being present or absent given an increase in the predictor by one unit), elevation values were converted from meters NGVD to centimeters NGVD. Species varied in their distribution along environmental gradients (shown by Figs. 2, 3 ). For example, the sites, where Salicornia virginica was found, on average, had sediments with salinities 13-90 times greater, were 0.8 m higher in elevation, and were 20.1 m further from tidal channels than the sites where Scirpus californicus was found. Among the common tidal marsh plants, Salicornia virginica was found to be the most salt-tolerant, often growing in sediments with pore-water salinities many times greater than sea water (inter-quartile range (IQR) = 17.2-57.2%). Spartina foliosa was found rooted in sediments with salinities similar to that of sea water (IQR = 22.5-33.1%), while Scirpus americanus, Scirpus californicus, and Typha sp. were found growing in sediments with salinities significantly lower than that of sea water (IQRs = 1.8-5.9%, 0.64-1.3%, and 0.56-3.3%, respectively).
Although many studies have linked marsh zonation with topographic gradients, this study found substantial overlap in the elevational ranges of common marsh plants (Fig. 3) . Scirpus californicus was unique in being rooted below local mean sea level, and was observed to be partially submerged even during the lowest tides of the year. Scirpus californicus also was observed growing at high elevations, often on natural or degraded artificial levels bordering tidal channels. Typha sp. and Spartina foliosa were usually found at lower elevations than Scirpus americanus, Scirpus maritimus, Salicornia virginica, and Distichlis spicata. Among common tidal marsh plants, Typha sp., Scirpus californicus, and Spartina foliosa were found adjacent to channels, while Scirpus americanus, Scirpus maritimus, Salicornia virginica, and Distichlis spicata were found both adjacent to and distant from tidal channels. Environmental conditions appear to explain a significant component of variability in percent cover in all species (Table 2) ; however, these relationships vary over the salinity gradient of the estuary, as species are found under slightly different conditions at different sites. At extreme high water, surface water salinity at these sites ranged from 0.3% to 32.5% (Table 3) . Summer maximum salinities declined linearly with distance from the Pacific Ocean, indicating well-mixed surface waters. There was more variability in the winter salinities, indicative of local creeks freshening surface waters following rainfall. Along the Petaluma River and at Coyote Creek, a small creek draining the eastern flank of Mt. Tamalpais at Bothin Marsh, surface waters were fresher during winter than might otherwise be expected based on position along the salinity gradient of the estuary. At the three most saline marshes, only four to six plant species had greater than 2% cover along the transects (see supplementary material). Overall, Salicornia virginica was the most common species, The presence and absence of all the species is best explained by salinity, except for Distichlis spicata, which is best explained by elevation, and Spartina foliosa, whose distribution is best explained by distance to nearest tidal channel. In order to compare oddsratios (the odds of species being present or absent given a unit increase of the predictor), elevation values were converted from meters NGVD to cm NGVD. For species with odds-ratios of less than one, the probably of species presence drops as the predictor variable increases. For species with odds-ratios greater than one, the probably of species presence increases as the predictor variable increases followed by Distichlis spicata, and Spartina foliosa. Among the three brackish marshes, nine to twelve species had greater than 2% cover along transects. Common species in all the marshes surveyed included Scirpus americanus, Salicornia virginica, Typha sp., Potentilla anserina, and Scirpus californicus. Among the four brackish marshes, Lepidium latifolium, a noxious invader of riparian and brackish areas throughout the west (Chen et al. 2005; Young et al. 1995) , was among the most common species. Tidal marsh plant species richness and evenness varied over the salinity gradient of the estuary (Fig. 4) . Species richness at the plot and landscape scale was low at the three most saline sites (Bothin Marsh, China Camp, and Petaluma Marsh), and was the highest at the lowest-salinity sites. Measures of species evenness were the highest at Southampton Bay, Hill Slough, and Sandmound Slough, and was the lowest at China Camp and Petaluma Marsh.
Past and future changes in plant distribution
Survey transects were chosen for study because they had been surveyed previously for plant cover and elevation in 1975. Intra-site comparisons show significant species declines along the fresh and brackish marsh transects since 1975, and species expansions along the salt marsh transects (Watson 2006) . Plant cover is the dependent variable; environmental conditions (sediment salinity, sediment organic content, elevation, and distance to the nearest tidal channel) are the independent variables. Probability of a greater F ratio is shown by the notation P [ F Furthermore, estuary-wide geographic range shifts were noted, including the expansion of salt marsh taxa (Spartina foliosa, Grindelia stricta, Limonium californicum, and Scirpus maritimus) into the brackish portion of the estuary and the recession of saltintolerant taxa (Scirpus acutus, Scirpus californicus) from the saline portion of the estuary. Overall, these patterns are consistent with increases in estuarine salinity, which appears to be increasing due to both watershed-level climate change (Knowles and Cayan 2002) and increases in water diversion for agricultural and municipal use (Stahle et al. 2001) . At Richardson Bay, a low-elevation salt marsh, Spartina foliosa increased significantly in cover. At China Camp, Spartina foliosa declined on the inland edges of tidal channels, while Salicornia virginica expanded modestly. At Petaluma Marsh, Distichlis spicata declined, while Scirpus maritimus and Scirpus americanus increased. At Southampton Bay, Salicornia virginica and Spartina foliosa expanded, while Scirpus californicus and Distichlis spicata declined. At Hill Slough, Scirpus americanus expanded at the expense of Distichlis spicata; furthermore, Scirpus californicus declined. At Sandmound Slough, Typha latifolia, Phragmites australis, and Scirpus californicus declined due to the expansion of more salt-tolerant species such as Scirpus americanus.
The distribution of common marsh plants was mapped onto environmental gradients present in each marsh (Fig. 5) . Arrows show ongoing shifts in environmental conditions, including increases in salinity and decreases in elevation relative to tide levels. Overall, these changes in vegetation tend to be indicative of either an increase in sea level (increases in Spartina foliosa, Scirpus americanus; decline in Distichlis spicata), or an increase in salinity (increase in Salicornia virginica, decreases in Spartina foliosa and Scirpus californicus).
Predictions for marsh-specific plant distribution changes for the future were developed using the current ranges for each plant species in each marsh. Potential future changes in marsh plant species distribution (Table 4) will depend on whether sediment accumulation matches the rate of sea level rise. If that is the case, elevation relative to tidal flooding will hold steady; estuarine salinity will increase. If sediment accumulation is outpaced by relative sea level rise, then increased tidal flooding and increased salinity will counteract each other. This is because the highest sediment salinities were found at high elevations for all the profiled wetlands. At low marsh elevations, summer sediment salinity matches water salinity (and thus will increase with water salinity); at high elevations, summer sediment salinity is higher than water salinity due to infrequent flooding and evaporation. Increased flooding of high-elevation marshes will lead to salts being flushed from sediments and apparent sediment salinity declines.
Future changes in geographic species ranges and biodiversity will likewise depend on the marsh elevation response to sea level rise: if sediment accretion keeps pace with sea level rise, the current trend of ''salinization'' will increase; marsh species diversity will decline in the brackish region of the estuary; if sea level rise outpaces marsh accretion, marsh surfaces will become less saline, and species typically found at low elevations (Scirpus sp., Typha sp., Spartina foliosa) will become more common. In that case, measures of marsh plant species evenness and plot scale diversity would be expected to increase for salt marshes. 
Discussion
Tidal marsh plant distributions
In comparison to typical upland ecosystems, tidal marshes tend to support low floristic diversity with a large portion of endemic species, coupled with harsh environmental gradients. Thus, tidal marshes have long been treated as natural laboratories by ecologists, and many studies have related tidal marsh plant distributions to environmental gradients, such as elevation (Hinde 1954; Traut 2005) , hydrology (Sanderson et al. 2000; Zedler et al. 1999) , and salinity (Callaway et al. 1990; Culberson 2001) . Although the stated goal of this study was primarily to define the distribution of wetland plants along the environmental gradients found in San Francisco Estuary tidal wetlands in order to constrain how future environmental change may affect plant distributions, this study provided a number of key insights in regard to tidal marsh plant distributions that may be applicable to the study of other tidal wetlands.
The results presented here emphasize the role of salinity in structuring tidal marsh plant distributions. First, most marsh plants have fairly broad ranges with respect to elevation and distance to the nearest channel, but have narrow, or relatively characteristic, distributions with respect to sediment salinity. Second, sediment salinity was the best predictor of species presence and absence for five out of seven marsh genera using logistic regression. Diversity at both the plot (Fig. 6 ) and landscape scale (Fig. 4) varied over the salinity gradient of the estuary, in ways that elevation and channel distance did not. Finally, salinity is the most naturally variable environmental condition. Salinity varies over the course of a season (Josselyn 1983; Zedler 1982) , inter-annually due to year-to-year variability in precipitation (Allison 1992; Collins and Foin 1992) , due to longer-term climate variability and climate change (May 1999; Byrne et al. 2001; Goman et al. 2008) , and due to changes in estuarine morphology (Zedler et al. 1980) . Salinity and changes in salinity are responsible for changes in the abundance and distribution of tidal marsh vegetation through time, while indirect gradients focused on by other recent studies are not (e.g., distance metrics, habitat heterogeneity; Morzaria-Luna et al. 2004; Zedler et al. 1999; Sanderson et al. 2000) .
Second, the results of this study show that San Francisco Estuary tidal marsh plants were often found (Zedler et al. 1999; Traut 2003) , which are logistically straight-forward from a fieldwork perspective. However, the high degree of spatial correlation means that any future study should consider spacing survey stations further apart (*30 m), or sub-sampling closely spaced data to ensure that relationships hold up (the approach taken by this study).
Vegetation change
This study documents vegetation changes that have occurred in San Francisco Estuary tidal marshes over the last three decades. Distichlis spicata has been nearly replaced in the mesohaline marshes (Petaluma, Southampton Bay, and Rush Ranch) by Scirpus americanus and Scirpus maritimus. Distichlis spicata is generally considered a ''high marsh'' species; results of this study show that high elevation is the primary predictor of Distichlis spicata presence. The wide-scale replacement of this species suggests some impacts of accelerated sea level rise are already being felt by San Francisco Estuary wetlands. Other species replacements (expansions and declines) are generally salt-tolerant species replacing salt-intolerant species. Furthermore, this study found that at three out of the six marshes, the edge of the vegetated marsh had receded (by as much as many tens of meters at Southampton Bay). Other evidence of current vegetation change in San Francisco Estuary exists. Studies of recent and fossil pollen in marshland sediment cores have documented a pervasive increase in salt-tolerant vegetation over the past few decades (May 1999; Byrne et al. 2001; Goman et al. 2008) . Studies of stable carbon isotopes in marsh sediments also indicate a shift from C 4 to C 3 marsh species for many locations during recent times (Malamud-Roam and Ingram 2004; Goman et al. 2008) . As Distichlis spicata is the only C 4 species that grows on the marsh plain, this shift in stable carbon isotopes is likely recording the replacement of Distichlis spicata by other species. Furthermore, anecdotal reports of vegetation in Suisun Marsh indicate ongoing expansion of Scirpus americanus (Culberson 2001) , and expansion of both Juncus balticus and Scirpus americanus during wet years (Grewell et al. 2007 ). In sum, the evidence presented here suggests that sites with sediment salinity>median sites with sediment salinity>median Fig. 6 Species richness in 1-m diameter circular quadrats. Arrows indicate median species richness at stations more and less saline than the site median. Overall, saline quadrats have lower species richness in brackish marshes. Low elevation quadrats have the same species richness as high elevation quadrats. Quadrats close to tidal channels have higher plotscale diversity in salt marshes, but less species diversity in brackish and fresh marshes over past decades, San Francisco Estuary wetland plant distributions have changed in response to both increased salinity and increased water levels.
Future changes in plant distribution hinge on future environmental change. Salinity is expected to increase by 9 psu in the brackish region of the San Francisco Estuary over the next century (Knowles and Cayan 2002) , with apparent salinity increases being more observable during wet years. Furthermore, the rate of sea level rise appears to be accelerating, although future rates are uncertain (National Ocean and Atmospheric Administration [NOAA] 2007) .
Evidence collected by this study suggests that these two separate forcing mechanisms-increasing salinity and relative sea level rise-may be counteracting each other. Examination of raw environmental data shows that high-marsh salinity is usually found at relatively high elevations on the marsh. At low elevations, and close to tidal channels, sediment salinity remains similar to that of tidal waters; on the high marsh, sediment salinity is concentrated by evaporation and can be many times that of sea water. Hence, although sediment salinity is expected to rise, two future scenarios may be envisioned with respect to high marsh habitat change:
(1) Marsh sediment accretion roughly tracks sea level rise; estuarine salinity increases. Net result is increasing estuarine salinity. (2) Marsh sediment accretion is outpaced by sea level rise; marsh plains begin to submerge. The net results are an increasing submergence, and through indirect means, a decreasing highmarsh sediment salinity values (although lowmarsh salinity values will increase).
These two future scenarios would result in different predictions of plant distribution changes (Table 4) .
If the current trajectory holds, it appears likely that at least some of the marshes around the San Francisco Estuary-in particular wetlands that are currently low in elevation (e.g., Bothin Marsh)-will begin to reflect submergence over the coming decades. However, high-elevation tidal marshes (such as that found at China Camp) are unlikely to experience pervasive vegetation changes. Based on plant abundance along environmental gradients found in this study, sea level rise would have to outpace sediment accretion by nearly 50 cm for the marsh plain to convert to cordgrass at China Camp. Current trends also suggest that low-marsh species at the extreme limit of their salinity ranges (such as Scirpus californicus at Southampton Bay) will die off and be replaced by more salt-tolerant species. In brackish marshes, this may mean some mudflat de-vegetation, as that occurred during the 1976 drought (Atwater and Hedel 1976; Atwater et al. 1979) . Specific predictions of vegetation change are fairly site-specific and depend, at least in part, on the existing marsh plain elevation.
Given the current range of heterogeneity found in San Francisco Estuary tidal marshes with respect to sediment salinity and elevation, it seems implausible that increases in salinity of a few psu, or a sea level increase of \30 cm over the next 50 years will result in widespread changes in plant distribution, or complete submergence of tidal marshes. The results of this study generally show fully vegetated tidal marshes, with great natural variability in elevation and salinity, suggesting great resilience to environmental change. However, for many marshes that have deteriorated greatly, in California and elsewhere, there is no simple and easy explanatory factor for marsh deterioration; sediment curtailment (Baumann et al. 1984) , altered tidal hydrology (Day et al. 2000; Swanson and Wilson 2008), drought (McKee 2004) , pollution impacts (Kolker 2005) , and herbivory (Silliman et al. 2005 ) have all been implicated. Overall, these examples of largely unexplained marsh loss suggest that optimism regarding future marsh resilience should warrant extreme caution.
At least one recent study has suggested that plant diversity in San Francisco Estuary tidal marshes will decline with forecast increases in salinity and sea level . The data presented here show that, while indices of biodiversity tend to increase with decreasing salinity, the relationship between diversity and salinity is not straight-forward or linear. First, there are only minor differences in plot-and landscape-scale species richness and measures of species evenness at the three most saline marshes (Bothin Marsh, China Camp, and Petaluma), despite summer maximum water salinity being nearly 10 psu greater at Bothin Marsh than at Petaluma. Second, some of the highest values for species richness and evenness were found at Southampton Bay and Hill Slough, not at Sandmound Slough (the freshest site), suggesting that increasing salinity may just move the center of diversity eastward. Lastly, if future environmental change leads to increased tidal flooding, species diversity may possibly increase. The low-elevation salt marsh (Bothin Marsh) has slightly higher indices for species richness and evenness than do China Camp or Petaluma Marsh, which are flooded by less saline tidal waters but are higher in elevation, and so are flooded less frequently and therefore are subject to greater evaporation stress.
Although the specific results and predictions of this study are limited to the wetlands studied, some of the results reported here may also be applicable to other locations. While the complement of marsh plant species found varies from site to site, the expected changes in environment conditions are relatively pervasive. Increased rates of sea level rise are global; wetlands in California and Pacific Northwest are liable to increase in salinity due to factors such as water diversion and snowpack decline.
First, it appears that one of the signals of submergence may be decline in Distichlis spicata, or possibly other solid high-marsh indicator species, long before the marsh plain is invaded by low-marsh species such as Spartina foliosa, or Scirpus sp. Second, the general notion regarding fresh marshes becoming brackish, and brackish marshes becoming saline (per. Callaway et al. 2007 ), may be an oversimplification. Due to a combination of increased salinity and increasing submergence, some parts of wetlands will become more saline, while other parts will merely become better flushed, no matter what the pre-existing salinity level of the tidal marsh is. Furthermore, the environmental changes described here have been predicted to cause a loss of plot-scale species richness and productivity ); however, this study found that other indicators of biodiversity (such as species evenness) may increase. This study found higher landscape-and plot-scale biodiversity and the greatest levels of species evenness in the brackish region of the estuary, rather than at nearly fresh salinities in the Sacramento-San Joaquin Delta, indicating that the relationship between salinity and biodiversity is not linear. And finally, changes in productivity will probably hinge on specific species-by-species replacements. The most pervasive vegetation change noted by this study was the replacement of Distichlis spicata by Scirpus americanus-a low-productivity species being replaced by a high-productivity species.
